The effect of two different workpiece material grain sizes, 16 and 127 μm, on the depth-of-cut notch wear, chip morphology, and burr formation was studied in a turning operation. A material from the same batch of wrought superalloy Alloy 718 was heat-treated to achieve the two microstructures. The machining was performed at two feed rates, 0.1 and 0.2 mm/revolution. Uncoated cemented carbide tools were used. Both grain size and feed rate were found to influence the chip morphology and the sideflow which were also associated with both the notch wear and the burr formation. The effect of the grain size on the notch wear was larger than that of the feed rate under the tested conditions, with larger grains being more detrimental than smaller ones.
Introduction
Superalloys are known as difficult-to-machine materials due to their high strength which is maintained at elevated temperature, low thermal conductivity, severe work hardening, and high ductility [1, 2] . One of the most common tool failure criteria is notch wear at the depth-of-cut lines and/ or at the tool nose [1] . The association of the notch wear with the burr formation on the workpiece has been observed in a previous study [3] , a study which stressed the need to understand the combined effect of microstructure and cutting data. Finding the cause of burr formation, with respect to microstructure and cutting data, may allow for the elimination or minimization of burrs, which is desirable from an economical point of view [4] .
There does not seem to be any common explanation to the notch wear at the depth-of-cut line. Most researchers agree that the extensive lateral material flow at the unrestricted end of the cutting zone, due to the high ductility of superalloys, is important (see, e.g., [5, 6] ). The most accepted theory suggests that the notch is caused by adhesion between the tool and the chip, with subsequent pullout of the tool material [1, [6] [7] [8] .
Lee et al. [7] suggest that it is the actual tearing at the separation of the chip from the workpiece material which allows for the formation of the ragged burr on the workpiece and the fin-shaped edge of the chip. This results in an uneven flow of material which is rubbed over the edge of the tool at a high pressure and temperature which favors adhesion and the irregular separation of work material, causing pullout of the tool material. Moltrecht [6] advocates that the notch at the depth-of-cut line is initiated by a pullout on the tool rake face, which spreads to the tool flank face as wear progresses. In a study by Kitagawa et al. [5] on notch wear of ceramic tools in machining of Alloy 718, they found the notch wear to be associated with the transition from a continuous type of chip to a shear-localized one when the cutting speed was increased. The authors concluded that a large sideflow of the chip, which was also associated with burr formation on the workpiece, caused the notch wear through an abrasive action as opposed to the more accepted adhesive theory. The transition from continuous chips to shear-localized ones when machining Alloy 718 has been shown by others [9, 10] to depend on cutting speed and feed rate, where an increase in either or both parameters favor the shear-localized type of chips.
Literature is sparse about the influence of the microstructure of the work material on tool wear and burr formation, especially in the machining of superalloys. Schirra and Viens [11] investigated the influence of hardness, grain size, and carbon content on the machinability of cast, cast plus hot isostatically pressed, and of wrought Alloy 718. The microstructure was found to influence machinability with large grains, high carbon content, and high hardness, resulting in reduced machinability with respect to tool wear. However, in this investigation, abrasive wear on tool flank was the predominant wear mechanism, and no influence on notch wear was reported. The influence of grain size and hardness was specifically studied by two of the present authors [3] in a turning operation in wrought Alloy 718. The grain size was shown to impact notch wear and burr formation regardless of hardness. Small notch wear and no burr were observed when the average grain size was 16 μm (ASTM 9), while severe notch wear and large burrs were evident when the average grain size was significantly larger, 127 μm (ASTM 3). A difference in chip morphology was also shown, where the small grains gave a continuous type of chip and large grains gave a more serrated type.
A conclusion that can be drawn from the literature is that the sideflow as well as its shape is important in the formation of both the notch and the burr. Another conclusion is that a transition from a continuous type of chip to a shearlocalized one occurs when cutting speed or feed rate is increased. A similar transition from a continuous to a more unevenly deformed type of chip, i.e., a serrated one, takes place as the grain size increases. These reported observations stress the importance of both the microstructure of the work material and the cutting parameters since both affect the chip morphology and, thus, the characteristics of the sideflow, which in turn influence both notch wear and burr formation.
The present study aims for a deeper understanding of the influence of the microstructure and especially the grain size of the workpiece material, as well as of the cutting parameters on the sideflow, specifically on the notch wear and the burr formation when machining Alloy 718 with cemented carbide tools.
Experimental

Work material
Alloy 718 is a nickel-iron-based superalloy and is the most frequently used alloy for hot-section turbine parts [2] . It is a high-strength alloy capable of long service duty at a maximum temperature of 650°C. It is a precipitation-hardened alloy where the main contribution to the strength comes from the gamma double prime (Ni 3 Nb) precipitates and, to a minor extent, from the gamma prime (Ni 3 (Al,Ti)) precipitates. A secondary phase, the delta phase, is present at temperatures lower than 1,000°C and allows for grain-size control during the metallurgical processing. 
